We have investigated magnetoelastic effects in multiferroic HoMnO3 below the antiferromagnetic phase transition TN ≈ 75 K by neutron powder diffraction. The lattice parameter a of the hexagonal unit cell of HoMnO3 decrease in the usual way at lower temperatures and then shows abrupt contraction below TN whereas the lattice parameter c increases continuously with decreasing temperature and shows an anomalous increase below TN . The unit cell volume decreases continuously with decreasing temperature and undergoes abrupt contraction below TN . By fitting the background thermal expansion for a nonmagnetic lattice with the Einstein-Grüneisen equation we determined the lattice strains ∆a, ∆c and ∆V due to the magnetoelastic effects as a function of temperature. We have also determined the temperature variation of the ordered magnetic moment of Mn ion by fitting the measured Bragg intensities of the nuclear and magnetic reflections with the known crystal and magnetic structure models. One of the most challenging subjects of the condensed matter physics is the coupling between spin and lattice degrees of freedom. The spin system in ferromagnetic or antiferromagnetic crystals is coupled to the ionic displacements via the dependence on distance of the exchange interaction or spin-orbit or dipole-dipole interaction. The coupling is called the magnetoelastic coupling and and resultant effects are called magnetoelastic effects 1-3 . The static part of this effect is the shift in the equilibrium ionic positions with resultant displacements of the phonon and magnon spectra. The dynamic part of this interaction is the magnon-phonon scattering and also their hybridization. The simplest static part of the interaction is the external magnetostriction, or the change in macroscopic crystal dimensions. This changes the lattice parameters below the magnetic phase transition and can be more easily determined experimentally. In addition there are shifts in the atomic cooodinates within each unit cell. This is called internal magnetostriction which is more difficult to measure. The induced atomic displacements may or may not modify the symmetry of the lattice and also the anisotropic energy. There exist a large number of review articles that summarize the experimental results and also to some extent some theoretical calculations 4-8 . The magnetoelastic effect has drawn renewed interest in connection with the potentially useful colossal magnetoresistive and multiferroic materials. Here we have investigated the magnetostriction in multiferroic hexagonal manganite HoMnO 3 .
We have investigated magnetoelastic effects in multiferroic HoMnO3 below the antiferromagnetic phase transition TN ≈ 75 K by neutron powder diffraction. The lattice parameter a of the hexagonal unit cell of HoMnO3 decrease in the usual way at lower temperatures and then shows abrupt contraction below TN whereas the lattice parameter c increases continuously with decreasing temperature and shows an anomalous increase below TN . The unit cell volume decreases continuously with decreasing temperature and undergoes abrupt contraction below TN . By fitting the background thermal expansion for a nonmagnetic lattice with the Einstein-Grüneisen equation we determined the lattice strains ∆a, ∆c and ∆V due to the magnetoelastic effects as a function of temperature. We have also determined the temperature variation of the ordered magnetic moment of Mn ion by fitting the measured Bragg intensities of the nuclear and magnetic reflections with the known crystal and magnetic structure models. One of the most challenging subjects of the condensed matter physics is the coupling between spin and lattice degrees of freedom. The spin system in ferromagnetic or antiferromagnetic crystals is coupled to the ionic displacements via the dependence on distance of the exchange interaction or spin-orbit or dipole-dipole interaction. The coupling is called the magnetoelastic coupling and and resultant effects are called magnetoelastic effects [1] [2] [3] . The static part of this effect is the shift in the equilibrium ionic positions with resultant displacements of the phonon and magnon spectra. The dynamic part of this interaction is the magnon-phonon scattering and also their hybridization. The simplest static part of the interaction is the external magnetostriction, or the change in macroscopic crystal dimensions. This changes the lattice parameters below the magnetic phase transition and can be more easily determined experimentally. In addition there are shifts in the atomic cooodinates within each unit cell. This is called internal magnetostriction which is more difficult to measure. The induced atomic displacements may or may not modify the symmetry of the lattice and also the anisotropic energy. There exist a large number of review articles that summarize the experimental results and also to some extent some theoretical calculations [4] [5] [6] [7] [8] . The magnetoelastic effect has drawn renewed interest in connection with the potentially useful colossal magnetoresistive and multiferroic materials. Here we have investigated the magnetostriction in multiferroic hexagonal manganite HoMnO 3 .
HoMnO 3 belongs to the family of hexagonal manganites RMnO 3 (R = Sc, Y, Er, Ho, Tm, Yb, Lu) that show multiferroic behaviour 9 . These hexagonal manganites at paraelectric at high temperatures with the centrosymmetric space group P 6 3 /mmc. Below about 1000 K they undergo a paraelectric-to-ferrielectric transition to a non-centrosymmetric structure with the space group P 6 3 cm. At further lower temperatures of the or- der of about 100 K the magnetic hexagonal manganites order with a non-collinear antiferromagnetic structure with propagation vector k = 0. Among these hexagonal manganites YMnO 3 and HoMnO 3 have been investigated quite intensively [10] [11] [12] [13] [14] [15] [16] . We have performed neutron powder diffraction investigation of the temperature depen- dence of the crystal and magnetic structure of HoMnO 3 .
Here we report the observation of considerable magnetoelastic effects below the Néel temperature T N ≈ 75 K. In order to determine quantitatively the magnetoelastic effect or the spontaneous magnetostriction one needs to measure very accurately the temperature variation of the lattice parameters and the unit cell volume in small temperature steps. These temperature variations often reveal anomalous behavior around the magnetic ordering temperature. To extract the magnetoelastic effect one needs to know the background temperature variation in the absence of magnetoelastic effect in a fictitious non-magnetic solid which otherwise resembles the compound under study. This is not an easy task and the disagreements between experimental results often arise from the procedure of determination of the background temperature variation of the lattice parameters. One of the commonly employed method is to fit the high temperature data above the ordering temperature by the Debye equation in the Grüneisen approximation 17 or the simpler Einstein equation in the same Grüneisen approximation 18 and then extrapolating to the lower temperatures to give the background variations in the absence of magnetism. The simpler Einstein-Grüneisen equation 18 serves as an excellent fit function for not only the volume but also for the individual lattice parameters and we have used it here.
Neutron diffraction experiments were done on HoMnO 3 on the high intensity powder diffractometer D20
19 of the Institute Laue-Langevin in Grenoble. The 115 reflection from a Ge monochromator at a high takeoff angle of 118
• gave a neutron wavelength of 1.868Å. Approximately 5 g of HoMnO 3 powder sample was placed inside an 8 mm diameter vanadium can, which was fixed to the sample stick of a standard 4 He cryostat. We have measured the diffraction intensities from HoMnO 3 as a function of temperature in the range 2 − 300 K. Fig. 2  (a) shows the temperature variation of the diffraction intensities of HoMnO 3 . The temperature variation of a few low angle reflections from HoMnO 3 containing magnetic contributions is shown in Fig. 2 (b) and the temperature variation of the peak intensities of the 100, 101,102 and 104 reflections is shown in Fig. 2 (c) . The temperature variation of the intensities of the low angle reflections from HoMnO 3 clearly shows two magnetic phase transitions, one at the Néel temperature T N ≈ 75 K and the second spin reorientation transition at about T SR ≈ 40 K. 
Rietveld refinement
20 of crystal and magnetic structures against the experimental diffraction data was done by the Fullprof program 21 . The refinement results from HoMnO 3 at T = 100 K in the paramagnetic state are shown in Fig. 3 . At T = 100 K only the nuclear Bragg peaks were observed and the refinement of the nuclear structure was done by the known crystal structure of the hexagonal manganites 12, 13 . Fig. 4 shows the results of refinement of the crystal and magnetic structures 13, 14 at T = 2, 35 and 50 K in the three magnetic phases of HoMnO 3 .The agreement factors and χ 2 values of these refinements are given in Table I . It is to be noted that magnetic structures of hexagonal manganites including HoMnO 3 show homometry, which cannot be distinguished by powder neutron diffraction. Only polarized neutron diffraction on single crystals can resolve the homometric structures 14 . Figure 5 shows the temperature variation of the lattice parameters a, c, and the unit cell volume V of HoMnO 3 plotted on the left panel. The lattice parameter a decreases continuously with decreasing temperature in a very normal way, but close to the Néel temperature T N ≈ 75 K shows the magnetoelastic or magnetostriction anomaly. The red curve represent the background variation of the a lattice parameter for a nonmagnetic solid obtained by fitting the data in the paramagnetic state by the Einstein-Grüneisen equation explained before. By subtracting the background from the data we determined the lattice strain ∆a plotted on the right panel of Figure 5 . The c lattice parameter increases continuously on decreasing temperature down to T N and then shows abrupt anomalous increase or positive magnetostriction. By subtracting the background variation of the c lattice parameter (red continuous curve) from the data we determined the lattice strain ∆c plotted on the right panel. Similar plots for the unit cell volume V and and the volume strain ∆V are shown in Figure 5 in the left and the right panels, respectively. Fig. 6 shows in the upper panel the temperature dependence of the c a ratio. It varies linearly with temperature above about 100 K and below this temperature the c a shows anomalous behavior due the magnetoelastic effect. However we fitted the c a ratio above 100 K by the Einstein-Grüneisen equation and extrapolated to the lower temperature. The fit is shown by the red line. Fig 6 shows in the lower panel the difference between the observed and the fitted c a ratio. It is evident that the temperature variation of c a also behave like the other lattice parameters with respect to the magnetoelastic effect. We note that although the magnetic ordering temperature of HoMnO 3 is T N ≈ 75 K, the magnetoelastic effect starts becoming appreciable already below about T * ≈ 100 K. This appearance of magnetoelastic effect already about 25 K above T N ≈ 75K is due to short-range spin correlations. The spontaneous linear magnetostriction along the a-axis at T = 0 is ∆a/a 0 = −2.45 × 10 −4 and that along the c-axis is ∆c/c 0 = 1.31 × 10 −4 . The spontaneous volume magnetorestriction in HoMnO 3 is ∆V /V 0 = −3.51×10 −4 .
We can calculate the spontaneous volume magnetorestriction in HoMnO 3 from ∆V /V 0 = 2∆a/a 0 + ∆c/c 0 = −3.59 × 10 −4 which very close to that obtained from the unit cell volume variation ∆V /V 0 = −3.51 × 10 −4 . This suggests that our method of extracting magnetoelastic effect is reliable or at least consistent. The magnitude of spontaneous magnetostriction in HoMnO 3 is relatively large and is comparable to those 22 determined in the other multiferroic hexagonal manganite YMnO 3 . Figure 7 (a) shows the temperature variation of the ordered magnetic moments m of Mn ion corresponding to the high temperature magnetic phase of HoMnO 3 (shown by the red filled squares) and lower temperature spin reoriented phase of HoMnO 3 (shown by filled blue circles) obtained by fitting the measured Bragg intensities of the nuclear and magnetic reflections with the known crystal and magnetic structure models. The ordered magnetic moment of the high temperature magnetic phase decreases with increasing temperature above about the spin reorientation transition temperature T SR ≈ 40 K in the usual way and becomes zero at T N ≈ 75 K. Below T SR ≈ 40 K the moment of this phase decreases and the magnetic moment of the spin reoriented low temperature phase increases abruptly and becomes saturated to about 3.1µ B at T = 2 K. The Ho magnetic moment is polarized at all temperatures below T N ≈ 75 K but below about 50 K the Ho moment increases with decreasing temperature and becomes about 4µ B at T = 2 K. The temperature variation of the ordered magnetic moment of the Ho sublattice resembles the Brillouin function and indicates strongly the absence of any magnetic phase transition 15 in HoMnO 3 at lower temperatures. Figure  7 (b) shows the power-law fit of the magnetic moment of Mn in the higher temperature phase of HoMnO 3 below T N ≈ 75 K. We have included the data points in the temperature range 50-74 K. The least squares fit of these data gave the power-law exponent β = 0.247 ± 0.005 and T N = 74.84 ± 0.05 K. Since there are no data close to T N the the power-law exponent obtained cannot be associated really with the critical exponent. However the determined Néel temperature T N = 74.84 ± 0.05 K from the fit is dependable within the experimental resolution. It is to be noted that the magnetoelastic effects shown in Fig. 5 in the lattice parameters are not sensitive to the spin-reorientation transition at T SR ≈ 40 K. It is not quite sure whether the ordered magnetic moment of the Ho sublattice at lower temperature influence the magnetoelastic effect substantially.
The temperature variations of the lattice strains determined in HoMnO 3 do not look very smooth and do not become zero above T N ≈ 75 K. This is partly due to the problem of determining the background temperature variation of the lattice parameters and unit cell volume by the Einstein-Grüneisen function and also may be due to multiple magnetic phase transitions and the polarization of the Ho magnetic moments. We could not therefore relate quantitatively the lattice strain and the magnetic order parameter as we did in YMnO 3 and other simple antiferromagnetic systems [22] [23] [24] . We checked carefully whether we could get any information about the shifts in atomic coordinates in the unit cell below the magnetic ordering temperature or the internal magnetoelastic effect. Although the agreement factors of the refinement of the crystal and magnetic structures against the data were reasonably good (see Table I ), the resulting positional parameters do not show within the refinement accuracy any anomalous shifts in atomic coordinates below T N .
In conclusion we have measured accurately neutron diffraction intensities of HoMnO 3 powder sample and determined the magnetostriction below the magnetic ordering temperature. We have also determined the magnetic phase transitions and the temperature evolution of the magnetic moments of Mn and Ho ions.
